Endoinulinase was partially purified from the culture filtrate of a filamentous fungus Aspergillus niger mutant 817. The enzyme preparation was immobilized covalently onto a porous cellulose derivative, Amino-Cellulofine. A 5% (w/v) solution (pH 5.0) of pure dahlia inulin was fed continuously into a packed-bed column reactor containing the immobilized enzyme. The operating conditions were studied to produce a mixture of oligomers with a degree of polymerization of 3 to 5 by partial hydrolysis of inulin. Inulotriose (F 3 ) and -tetraose (F 4 ) were purified from the hydrolysis products by preparative high-performance liquid chromatography. In vitro studies indicated that both the F 3 and F 4 were preferentially utilized by Bifidobacterium spp., but not by Escherichia coli or Clostridium perfringens.
Fructo-oligosaccharides (GF n ) and inulo-oligosaccharides (F m ) act as a type of soluble dietary fiber with a reduced caloric value (the subscript n or m stands for the number of fructosyl moieties) (Salminen et al., 1998) . Further, ingestion of these oligosaccharides exerts a bifidogenetic effect in the large intestine, where the increased number of bifidobacteria eliminate other unfavorable bacteria such as Escherichia coli and Clostridium perfringens that produce toxic substances and can cause enteritis. Fructo-oligosaccharides such as 1-kestose (GF 2 ), nystose (GF 3 ) and 1 F -␤-fructofuranosylnystose (GF 4 ), can be synthesized on an industrial scale by enzymatic transfer of fructosyl moieties from and to sucrose molecules (Hidaka et al., 1988) .
Inulin occurs as a reserve carbohydrate found in the roots or tubers of plants like Jerusalem artichoke, chicory, and dahlia. It consists of linear chains of ␤-2,1-linked D-fructofuranose molecules terminated at the reducing end by a glucose residue attached through a sucrose-type linkage. Yazawa and Tamura (1982) prepared oligosaccharides by partial hydrolyis of inulin with an acid, and showed that the fraction of oligomers with DP 4 to 25 was selectively utilized by Bifidobacterium infantis.
Enzyme preparations from a filamentous fungus Aspergillus niger are generally recognized as safe (GRAS) by the U.S. Food and Drug Administration (FDA) (Taylor & Richardson, 1979) . A. niger strain 12 from our culture collection produced extracellular exo-and endoinulinases constitutively (Nakamura & Nakatsu, 1988) . The endoinulinase (2,1-␤-D-fructan fructanohydrolase, EC 3.2.1.7) hydrolyzed the internal linkages in inulin to yield inulotriose, -tetraose, and -pentaose as the main products. We previously isolated an endoinulinase-hyperproducing mutant 817 from the wild-type strain, A. niger 12 (Nakamura et al., 1994) . Subsequently, fructose syrups were continuously produced by complete hydrolysis of inulin in a packed-bed column reactor containing the immobilized inulinase from the A. niger mutant 817 (Nakamura et al., 1995) . The present study describes the production of inulo-oligosaccharides by partial hydrolysis of inulin using the column reactor and the in vitro utilization of the individual oligosaccharides by intestinal bacteria.
Materials and Methods
Inulinase production A. niger mutant 817 was grown on a rotary shaker (140 rpm) at 30˚C for 5 days in basal medium B (pH 4.5), which contained (per liter) 30 g of sucrose, 5 g of sucrose fatty acid ester, 15 g of corn steep liquor, 12 g of NH 4 H 2 PO 4 , 0.7 g of KCl, 0.5 g of MgSO 4 и7H 2 O, and 10 mg of FeSO 4 и7H 2 O.
Assays of inulinase and invertase activities Endoinulinases are specific for inulin, whereas exoinulinases (␤-D-fructan fructohydrolase, EC 3.2.1.80) hydrolyze sucrose and raffinose in addition to inulin. For this reason, inulinase activity (I) is commonly compared with the invertase activity (S) displayed by the same enzyme preparation, and the I/S ratio is used to characterize inulinases (Vandamme & Derycke, 1983) . The inulinase and invertase activities of free and immobilized enzymes were assayed by measuring reducing sugars released from inulin and sucrose, respectively, after incubation at 40˚C for 30 min, as described previously (Nakamura et al., 1995) . One unit of inulinase activity was defined as the amount of enzyme that liberated 1.0 mol of fructose equivalent from inulin per min. One unit of invertase activity was defined as the amount of enzyme that hydrolyzed 1.0 mol of sucrose per min.
Partial purification of inulinase The extracellular inulinase was partially purified as described previously (Nakamura et al., 1995) . The culture filtrate (4200 ml) was concentrated to 82 *To whom correspondence should be addressed. E-mail: k.ohta@cc.miyazaki-u.ac.jp Abbreviations: DP, degree of polymerization; F, fructose; G, glucose; HPLC, high-performance liquid chromatography; I/S, inulinase activity/invertase activity.
ml by dry polyethylene glycol and subsequent ultrafiltration. The concentrated enzyme solution was loaded onto a DEAE-Cellulofine A-500 column (2.6ϫ65 cm; Seikagaku Kogyo, Tokyo) previously equilibrated with 0.02 M acetate buffer (pH 6.0). The adsorbed enzyme was eluted with 0.3 M NaCl in the same buffer. The enzyme solution was concentrated to 52 ml by ultrafiltration. The inulinase solution (specific activities of 71 U/mg toward inulin and 7.6 U/mg toward sucrose [I/S ratio, 9.4]) was dialyzed against distilled water, and diluted with 0.1 M acetate buffer (pH 5.0) to give a protein concentration of 7.9 mg/ml.
Enzyme immobilization and continuous operation of immobilized inulinase column The inulinase preparation was immobilized onto Amino-Cellulofine (Seikagaku Kogyo), and a glass column (1.0ϫ20 cm) was packed with the immobilized enzyme (total bed volume, 8 ml) as described previously (Nakamura et al., 1995) . Pure inulin derived from dahlia tubers was obtained from Sigma Chemical Co., St. Louis, MO, and its average DP was previously determined to be 40.3 (Ohta et al., 1993) . A 5% (w/v) inulin solution in 0.1 M acetate buffer (pH 5.0) was fed continuously into the packed-bed column reactor. The volumetric productivity in the reactor, Q p (grams of product/l/h), was calculated from Q p ϭC p F/V where V is the reactor volume (l), F is the flow rate (l/h), and C p is the concentration of oligomers with a DP 2 and above produced (g/l).
High-performance liquid chromatography (HPLC) of hydrolysis products Inulin hydrolysates were analyzed for DP by the HPLC system (Tosoh Co., Tokyo) of a dual pump (model CCPM), a column oven (CO-8010) and a differential refractive index detector (RI-8010). A TSKgel Amide-80 column (4.6ϫ 250 mm; Tosoh) was maintained at 80˚C. The mobile phase was an acetonitrile-water mixture (75:25, v/v) at a flow rate of 1.0 ml/ min. Oligosaccharides were identified and quantified using authentic standards with an integrator (Chromatocorder 12, System Instruments Co., Tokyo).
Preparative HPLC was done at ambient temperature using a Waters model S500A equipped with a C 18 15~20 PrePak Cartridge ([5.7ϫ30 cm]ϫ2) column and a differential refractive index detector. The mobile phase was water at a flow rate of 100 ml/min.
In vitro utilization of sugars by intestinal bacteria Bacterial strains used in this study were obtained from the culture collection of the Institute of Physical and Chemical Research (Wako, Saitama). A PYF liquid medium (5 ml) containing the 0.5% (w/v) carbohydrate to be tested was inoculated with 10 8 cells of each bacterial strain as described previously (Hidaka et al., 1986) . The cultures were grown anaerobically at 37˚C for 48 h using the GasPak (BBL Microbiology Systems, Cockeysville, MD). The growth was monitored by the increase in absorbance at 650 nm.
Results and Discussion
To determine the operating conditions necessary for partial hydrolysis of inulin in the reactor (687 U inulinase and 223 U invertase activities [I/S ratio, 3.1]), an inulin solution (5%, w/v) Fig. 1 . Effect of column temperature on proportion of oligosaccharides in inulin hydrolysates from packed-bed column reactor containing immobilized inulinase from A. niger 817. Inulin solutions (5%, pH 5.0) were fed continuously into the column at 30, 40, 50, or 60˚C. Symbols: DP 1 ( ), DP 2 ( ), DP 3 ( ), DP 4 ( ), and DP 5 and above ( ).
was fed into the column maintained at temperatures of 30 to 60˚C and flow rates of 0.5 to 8.0 ml/min (Fig. 1) . HPLC analysis of hydrolysis products revealed that oligosaccharides (F m and some GF n ) with DP 3 to 5 accounted for more than half of the total carbohydrate in the effluent at 30 C and flow rates of 5.0 to 8.0 ml/min, or at 40˚C and flow rates of 7.0 to 8.0 ml/min. Maximum productivity of 2490 g/l/h was obtained at 40˚C and a flow rate of 8.0 ml/min.
Since A. niger exoinulinases showed higher activity toward sucrose than inulin (I/S ratio, <1) (Nakamura & Nakatsu, 1988) , the I/S ratio of 3.1 displayed by the above immobilized inulinase indicates that it contains more endoinulinase than exoinulinase. To prepare immobilized inulinases of much higher I/S ratios, the endoinulinase was enriched by partial purification (Table 1) . The culture filtrate (2490 ml) was concentrated as described in Materials and Methods, and the resulting enzyme solution (57 ml) was loaded onto the DEAE-Cellulofine A-500 column. A peak I of inulinase activity with a low I/S ratio of 0.18 was first eluted with 0.1 M NaCl in the 0.02 M acetate buffer (pH 6.0) to remove exoinulinase. A peak II of inulinase activity with an avearge I/S ratio of 59 was then eluted with 0.2 M NaCl in the same buffer (pH 6.0) to recover endoinulinase. Inulinases of three different I/ S ratios were obtained from fractions (15 ml each) in peak II, and immobilized separately onto Amino-Cellulofine according to the procedures described previously (Nakamura et al., 1995) . The resulting immobilized enzymes gave the I/S ratios of 4.5, 25 and 50. The chromatographic techniques described here are not suitable, however, for preparing highly purified endoinulinase on an industrial scale. We have recently described an alternative process for recovering the A. niger endoinulinase from the culture filtrate by solvent precipitation (Nakamura et al., 1987) .
The column reactors were packed with 8 ml of the immobilized enzymes of 558 U inulinase and 123 U invertase activities (I/S ratio, 4.5), 828 U inulinase and 33 U invertase activities (I/S ratio, 25), or 549 U inulinase and 11 U invertase activities (I/S ratio, 50), and compared for inulin hydrolysis at 40˚C at different flow rates (Fig. 2) . HPLC analysis showed that increase in I/S ratio or flow rate increased the proportion of oligomers with DP 3 to 5 in the reaction products; oligomers with DP 3 to 5 were produced at the I/S ratio of 25 and flow rates of 2.0 to 6.0 ml/ min, and at the I/S ratio of 50 and flow rates of 0.5 to 6.0 ml/min. Maximum productivity of 2230 g/l/h was obtained at a high I/S ratio of 50 and a fast flow rate of 6.0 ml/min. The column reactor used in this study was previously shown to be stable during 45 days of continuous operation at 40˚C (Nakamura et al., 1995) , suggesting the industrial advantage of the continuous inulo-oligosaccharide production.
Inulotriose (F 3 ) and -tetraose (F 4 ) were purified by preparative HPLC from inulin hydrolysates eluted from the column reactor. Each inulo-oligosaccharide was tested for in vitro utilization by intestinal bacteria in comparison with glucose (G) as a control, sucrose (GF), and fructo-oligosaccharides (GF 2 , GF 3 , and GF 4 ) ( Table 2) . F 3 and F 4 showed similar patterns of utilization to GF 2 , GF 3 , and GF 4 that were also present in inulin hydrolysates. Although GF 2 , GF 3 , and F 3 supported growth of all bifidobacteria tested except for Bifidobacterium bifidum, GF 4 and F 4 were more selectively utilized by Bifidobacterium adolescentis and B. infantis. Only Bacteroides fragilis, Bacteroides vulgatus, and Klebsiella pneumoniae other than bifidobacteria grew on GF 4 and F 4 . However, none of the oligosaccharides used in this study were substrates for Bacteroides melaninogenicus, C. perfringens, E. coli, Lactobacillus casei, or Lactobacillus fermentum. The growth of bifidobacteria on GF n -and F m -type oligomers was b) I/S, Inulinase activity/invertase activity. c) These values were based on the inulinase activity. Fig. 2 . Effect of I/S ratio of immobilized inulinase from A. niger 817 on proportion of oligosaccharides in inulin hydrolysates from packed-bed column reactor. Inulin solutions (5%, pH 5.0) were fed continuously into the column at 40˚C. Symbols: DP 1 ( ), DP 2 ( ), DP 3 ( ), DP 4 ( ), and DP 5 and above ( ).
probably due to the hydrolysis of these oligomers by intracellular ␤-fructofuranosidases for glycolysis (Muramatsu et al., 1992) . The profiles of in vitro utilization of the inulo-oligosaccharides show the potential for their contribution to human health by increasing the population of resident bifidobacteria in intestinal flora.
